Gene duplication provides raw material for the evolution of functional innovation. We recently 1 developed a phylogenetic method to classify the evolutionary processes underlying the retention and 2 functional evolution of duplicate genes by quantifying divergence of their gene expression profiles.
Introduction

14
Gene duplication produces copies of existing genes, which can diverge from their ancestral states and developed a method that utilizes distances between gene expression profiles to classify these 4 evolutionary processes (Assis and Bachtrog 2013). Our method is applied to pairs of duplicates and 5 requires that, for each pair, we can distinguish between parent and child copies and identify a single-6 copy ancestral ortholog in a closely related sister species. Moreover, parent, child, and ancestral genes 7 must all have spatial or temporal gene expression data from which gene expression profiles can be 8 constructed.
10
To study the roles of conservation, neofunctionalization, subfunctionalization, and specialization in the 11 retention of mammalian duplicate genes, we applied our method to pairs of duplicate genes from eight 12 mammalian genomes: human (Homo sapiens), chimpanzee (Pan trogodytes), gorilla (Gorilla gorilla), 13 orangutan (Pongo pygmaeus abelii), macaque (Macaca mulatta), mouse (Mus musculus), opossum 14 (Monodelphis domestica), and platypus (Ornithorhynchus anatinus). Using synteny information from 15 whole-genome alignments to determine orthologous genomic positions, and parsimony to infer the 16 evolutionary dynamics of genes, we distinguished between parent and child copies and identified 17 ancestral single-copy orthologs for each pair of duplicates. Then, we applied our classification method to 18 RNA-seq data from 11 mammalian tissues: female and male cerebrum, female and male cerebellum, 
21
Results
22
In total, we obtained 654 pairs of mammalian duplicate genes for which we could distinguish between 23 parent and child copies and also identify at least one expressed single-copy ancestral gene in a closely 24 related sister species. Application of our method to these pairs yielded 382 cases of conservation, 213 1 cases of neofunctionalization (105 neofunctionalized parent copies, 108 neofunctionalized child copies), 2 9 cases of subfunctionalization, and 50 cases of specialization. Thus, most mammalian duplicate genes 3 have conserved functions. Moreover, functional divergence typically affects only one gene copy, and 4 retention of duplicates by subfunctionalization is rare.
6
Comparing duplicates from mammalian genomes of different evolutionary distances enabled us to 7 examine whether there is a negative relationship between functional conservation and age of duplicate 8 genes, as expected if genes evolve new functions over time. We used parsimony to date the origin of 9 child copies along the mammalian phylogeny ( Figure 1A ). Consistent with global patterns, conservation 10 is the most common evolutionary process underlying the retention of duplicate genes in every 11 mammalian lineage examined ( Figure 1A ). To test if functional conservation decreases with increasing 12 evolutionary divergence between species, we calculated rates of protein sequence divergence (K a ) 13 between single-copy genes in human and each sister species on the tree, and used these values as the proportion of functionally conserved single-copy genes, indicating that functional divergence occurs 20 faster in duplicates than in single-copy genes.
22
To determine the types of novel functions acquired by mammalian duplicates over time, we examined 23 differences between gene expression patterns in copies of pairs retained by neofunctionalization. In 24 5 such cases, one copy has maintained the ancestral function (the "conserved" copy), while the other has 1 acquired a new function (the "neofunctionalized" copy). Thus, we can directly assess ancestral and new 2 functions within pairs. We used the highest relative tissue expression level for each gene as a measure 3 of its tissue specificity. Comparison of distributions of tissue specificities revealed that, as expected, 4 conserved copies and ancestral genes have similar tissue-specific expression levels (Figure 2A ). Single-5 copy genes have similar tissue-specific levels as well, indicating that duplicate genes are initially as 6 broadly expressed as single-copy genes in the genome. In contrast, neofunctionalized copies are 7 significantly more tissue-specific than ancestral, conserved, and single-copy genes. An alternative metric To assess whether conserved and neofunctionalized copies of pairs show different expression patterns 13 across tissues, we examined quantities of genes with highest expression levels in each tissue ( Figure 2B ).
14 In most tissues, numbers of highly expressed single-copy genes are similar to those of conserved gene 15 copies. The two exceptions are male liver and testis. While the difference in highly expressed male liver 16 genes is modest, the proportion of conserved testis-specific genes is nearly double that of single-copy 17 testis-specific genes. In contrast, only a small proportion of neofunctionalized copies are testis-specific.
18
Thus, many genes initially arise with testis-specific functions and gradually acquire other functions over 19 time, supporting the "out-of-testes" hypothesis of new gene origination (Kaessmann 2010). Moreover, 20 while functions of neofunctionalized copies are typically more tissue-specific (Figure 2A ), there is no bias 21 toward specificity in any particular tissue(s). Hence, it appears that mammalian duplicate genes acquire 
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Identification of duplicate and single-copy genes 15
We downloaded protein sequences, annotation files, and lists of duplicate genes for all genomes from 16 the Ensembl database at http://www.ensembl.org. To obtain a comprehensive list of duplicates in each 17 mammalian genome, we supplemented Ensembl lists with those from the Duplicated Genes Database
18
(DGD) at http://www.dgd.genouest.org and with protein BLAST searches (Altschul et al. 1990 ), which we 19 performed as previously described (Assis and Bachtrog 2013). Any annotated genes not on these lists 20 were considered to be single-copy genes, and gene families with more than two copies were excluded 21 from our analysis. We quantile-normalized RNA-seq data from mammalian tissues (Brawand et al. 2011)
22
and restricted our analysis to pairs for which both copies are expressed in at least one tissue. Using 23 these expression data, we classified pairs of duplicates as conserved, neofunctionalized, 1 subfunctionalized, or specialized as previously described (Assis and Bachtrog 2013). 
